In continuation to our studies on radioresistance in meningioma, here we show that radiation treatment (7Gy) induces G2/M cell cycle arrest in meningioma cells. Phosphorylation of Chk2, Cdc25c and Cdc2 were found to be key events since interference with Chk2 activation and cyclin B1/Cdc2 interaction led to permanent arrest followed by apoptosis. Irradiated cells showed recovery and formed aggressive intracranial tumors with rapid spread and morbidity. Nevertheless, knock down of uPAR with or without radiation induced permanent arrest in G2/M phase and subsequent apoptosis in vitro and in vivo. In conclusion, our data suggest that combination treatment with radiation and uPAR knockdown or other inhibitors resulting in nonreversible G2/M arrest may be beneficial in the management of meningiomas.
Introduction
External beam radiotherapy (RT) has proven beneficial for patients with incompletely resected meningiomas [1] . Additionally, RT has been used for high surgical risk patients, patients with meningiomas situated at surgically inaccessible areas and within soft tissues, and patients of advanced age [2] . Stereotactic radiosurgery has also been used for meningiomas that are of irregular shape and size [3;4] . Further, intensity-modulated radiotherapy (IMRT) has proven to be successful in patients with complex-shaped meningioma of the skull base with overall local control of 93.6% [5] . Nonetheless, the benefit of radiation treatment has been questioned in the management of meningiomas [6] . Although the median recurrence-free survival after radiation treatment is higher for patients with benign meningiomas as compared to patients with higher-grade meningiomas (WHO grade II/III), recurrence has been reported [7] . Oncocytic meningioma, an uncommon variant of meningioma, also suggests that radiation therapy might worsen the course of disease [8] . To a different end, higher doses of radiation increase the risk of radiationinduced meningioma (RIM) formation with a sharp decrease in the latency period between exposure and tumor development. Even exposure to low radiation doses has been shown to significantly increase the risk of meningioma [9;10] . Adding to the increasing concerns of radiation therapy for meningioma, radiation has been shown to induce de-differentiation of meningioma into osteosarcoma in two independent studies [11;12] . All of these studies document the phenomenon of radiation resistance with meningioma but the precise mechanism of action (e.g., repair, cell cycle control or some other responsible process) is yet to be elucidated.
A complicated network of redundant and superimposed checkpoint controls are in charge of the regulatory mechanisms and maintenance of the order of key cell cycle phase transitions [13] . Ionizing radiation causes damage to DNA that is apparently proportional to the absorbed dose. The cellular response to DNA damage results in a pleiotropic activation of numerous signaling pathways, cell cycle checkpoints, DNA repair and transcription [14] . However, the extent of DNA damage determines whether to extend cell cycle arrest or abrogate the check points, leaving options for cellular machinery to repair and subsist or to give up and culminate in apoptotic death [15;16] . During the first half of the 20th century, human neural tissue was generally considered relatively resistant to the carcinogenic and other ill effects of ionizing radiation. As a result, exposure to relatively high doses of x-rays from diagnostic examinations and therapeutic treatment was common.
In tumour cells, uPAR is aberrantly expressed through activation of signalling pathways by genetic alterations and microenvironmental influences. Coordination of extracellular matrix (ECM) proteolysis and cell signalling by uPAR underlies its important function in cell proliferation and survival and makes it an attractive therapeutic target in cancer. Many studies show that uPAR mediates survival cell signalling through the MAP kinases pathways, FAK, Src and Rac [17] [18] [19] [20] . Other pathways, such as JAK-STAT and PI3K-Akt, have also been implicated in uPAR signalling [21] [22] [23] . Although anti-uPAR therapeutic agents are yet to enter clinical trials, uPAR presents multiple opportunities for targeted therapies that might be beneficial in cancer and, potentially, other human diseases. For these reasons and as an extension of our previous studies on meningioma that investigated potential benefits or drawbacks and associated changes with ionizing radiation in meningioma treatment regimens, the present study analyzed the mechanism and outcome of radiotherapy in combination with uPAR gene silencing in vitro and in vivo.
Material and Methods

Cell culture conditions
We used the following human meningioma cell lines: IOMM-Lee [24] , SF3061 [25] , and CH 157 MN [26] cell lines, which were kindly provided by Dr. Ian E. McCutcheon (University of Texas M.D. Anderson Cancer Center, Houston, TX), Dr. Yancey Gillespie (University of Alabama at Birmingham), and Dr. Anitha Lal (University of California, San Francisco, CA). IOMM-Lee and CH 157 MN luciferase cell lines were provided by Dr. Randy L. Jensen (University of Utah). All the cell lines were maintained in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, Pitsburg, PA) supplemented with 10% fetal bovine serum, 100 U/mL streptomycin and 100 U/mL penicillin (Invitrogen, Carlsbad, CA). Cells were maintained in a humidified atmosphere containing 5% CO 2 at 37°C, treated with NSC 109555 ditosylate or Nutlin or Aloisine (Santa Cruz Biotechnology, Santa Cruz, CA), and incubated for the indicated period of time in complete medium. pChk2 (Thr 68), Chk2, p53, cyclin B1, Cdc25C, pCdc25c (Ser 216), pCdc2 (Thr 14/Tyr15) and GAPDH antibodies were obtained from (Santa Cruz Biotechnology, Santa Cruz, CA). Propidium iodide was obtained from Biosure (Grass Valley, CA).
Radiation treatment
The RS 2000 Biological Irradiator (Rad Source Technologies, Inc., Boca Raton, FL) X-ray unit operated at 150 kV/50 mA and delivering 0.71 Gy/min was used for radiation treatments. Cells were given a single dose of radiation (3, 5, 7 or 10 Gy). For experiments involving the inhibitors, radiation was given after 1 hr of inhibitor treatment.
Colony formation assay
Cell survival after exposure to x-rays at various doses was quantified by plating IOMM Lee, CH 157 MN and SF3061 cells (1×10 4 ) into 150-mm plates containing the complete medium. After the indicated periods of incubation, cell colonies were rinsed with PBS, fixed with methanol, and then stained with 2% Giemsa solution.
MTT proliferation assay
IOMM Lee, CH 157 MN and SF3061 cells (2×10 5 ) were seeded in 6-well plates and irradiated as described earlier. Six hours later, cells were trypsinized, counted and seeded at 1×10 4 cells per well in 96-well plates (8 wells per treatment group). After the indicated hours of incubation in conditioned medium, 20 μL of MTT reagent were added to the cells, followed by another 4 hrs of incubation at 37°C. Acid-isopropanol (0.04 M HCl/ isopropanol) was added to all wells and mixed vigorously so that the formazan crystals dissolved effectively. Absorbance was measured on a microtiter plate reader (Model 680, BioRad, Hercules, CA) with a test wavelength of 550 nm and a reference wavelength of 655 nm.
Cell cycle analysis
Cell cycle distribution was assayed by determining DNA content. Cells were irradiated and incubated for the indicated time periods. Cells were then fixed in 3% (w/v) paraformaldehyde for 10 min, permeabilized on ice in PBS-0.5% Triton X-100 for 15 min, washed and resuspended in 0.5 mL of PBS containing 1% FBS, 1 mg/mL RNaseA and 50 μg/mL propidium iodide. The samples were incubated for 1 hr at 37°C and then subjected to FACS analysis.
Transfection studies
Plasmids expressing siRNA were constructed as described elsewhere [27] . All transfection experiments were performed with fuGene HD transfection reagent as per the manufacturer's protocol (Roche Applied Science). IOMM-Lee and CH 157 MN cells were transfected with plasmid constructs containing scrambled sequence (SV) or ShRNA for uPAR expressing sequences. After 6 h of transfection, complete medium was added and kept for 18h. Later the cells were irradiated at 7 Gy dose and incubated for further 24h before subjecting to FACS or Western blotting analysis.
Western blotting
After radiation or inhibitor treatment for a specified time interval, monolayer cells were collected and lysed as described previously [28] . Cell lysates were cleared by centrifugation at 14,000 rpm for 15 min. Lysates were resolved by SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. The membrane was incubated in PBS containing 0.05% Tween 20 and 5% (w/v) nonfat dry milk and then exposed to the desired primary antibody (1:1000 dilution) for 1 hr at room temperature. After treatment with appropriate secondary antibody (1:5000 dilution), the immunoreactive bands were visualized using the enhanced chemiluminescence method.
TUNEL assay
To evaluate apoptosis among irradiated and inhibitor-treated cells, we performed the terminal deoxynucleotide transferase (TdT)-mediated biotin-dUTP nick end labeling (TUNEL) assay using the in situ cell death detection kit according to the manufacturer's recommendations (Roche Applied Science, Indianapolis, IN). Briefly, 5,000 cells were seeded onto 8-well chamber slides, treated with Chk2 phosphorylation inhibitor, irradiated after 1 hr, and incubated for 36 hrs. The cells were then washed, fixed and permeabilized with freshly prepared 0.1% Triton X-100 containing 0.1% sodium citrate. Later, the cells were incubated with TUNEL reaction mixture for 1 hr at 37°C in a humidified chamber. The slides were washed three times with PBS, and the incorporated biotin-dUTP was detected under a fluorescent microscope. Cell death was quantified as the relative percent of apoptosis as compared to the controls.
Immunofluorescence
Cells were fixed in 3% (w/v) paraformaldehyde for 10 min, washed twice in PBS, permeabilized in PBS-T (PBS containing 0.5% (v/v) Triton X-100), and blocked in 2% BSA in PBS. The Chk2 antibody was diluted 1:100 in PBS containing 1% BSA. The cells were incubated overnight with the antibody at 4°C, then rinsed three times in PBS-T, and incubated for 1 hr at room temperature with a Fluorophore-conjugated goat anti-rabbit antibody at a dilution of 1:500 in PBS containing 1% BSA. The cells were washed three times in PBS-T and incubated with Slow Fade Antifade Kit with DAPI (Molecular Probes, Eugene, OR).
In vivo studies
The Institutional Animal Care and Use Committee at the University of Illinois College of Medicine in Peoria approved all experimental procedures involving the use of animals. Intracranial implantation of the luciferase-expressing cells and normal IOMM Lee cells was accomplished as described previously [29;30;30] . Briefly, luciferase-expressing stable IOMM Lee and CH 157 MN cells were subjected to 7 Gy radiation in two sets. Irradiated cells from the first set were trypsinized and infused into the brains of one group of animals on the same day. The second set of cells were allowed to recover for 72 hrs with a regular replenishment of fresh medium every 24 hrs and infused into another group of animals. Nude mice infused with non-irradiated cells served as controls for the respective groups. The animals were observed for changes in morphological characteristics and luminescence was tracked with in vivo imaging system on a daily basis for two weeks. Similarly, IOMM Lee cells which are irradiated or uPAR knocked down were implanted in different groups of nude mice. After 2 weeks, the brains were harvested and either snap frozen or formalin fixed for further analyses.
Rt-PCR and Immunohistochemistry
Total RNA was extracted from frozen brain tissues and subjected to cDNA synthesis using Transcriptor first strand cDNA synthsis kit (Roche Applied Science). PCR was performed using Cyclin B1 human specific primers and products were analyzed on 1.8% agarose gels. Sections of formalin fixed and paraffin embedded brain tissue (FFPE) were subjected to H&E staining to verify the tumor formation and immunostaining for Cyclin B1 (1:100 dilution) and HRP-conjugated secondary antibody (1:200 dilution) as described elsewhere [31] .
tStatistical analysis
All data are presented as means ± standard errors (SE) of at least three independent experiments (each performed at least in triplicate). One way analysis of variance (ANOVA) combined with the Tukey post-hoc test of means were used for multiple comparisons of cell culture experiments. Statistical differences are presented at probability levels of p<0.05, p<0.01 and p<0.001.
Results
Radiation treatment induces G2/M cell cycle arrest in meningioma cells
We have previously demonstrated that radiation treatment shows signs of significant initial decrement in the proliferation of meningioma cells [28] . In the present study, we used IOMM Lee, CH 157 MN and SF3061 cells to determine whether the initial inhibition of cell proliferation was caused by cell death or by delay in proliferation. Colony formation assays showed that more than 92% of cells retained colony formation potential with an insignificant portion of cell death due to radiation treatment at all the given doses (3 to 10 Gy) (Fig. 1A) . Next, we determined whether the delayed proliferation was a result of perturbations in cell cycle progression. The effect of radiation on cell cycle distribution was determined using flow cytometry for DNA content after staining the cells with propidium iodide. A 24-hr exposure of cells to a 7 Gy dose of radiation resulted in a statistically significant increase in cells in the G2/M phase (Fig. 1B) . The increase in percentage of cells in G2/M was accompanied by a resultant decrease in cells in the G0/G1 or S phase in all three cell lines (Fig. 1B) . IOMM Lee and CH 157 MN cells showed more than 55% cells in the G2/M phase while SF3061 cells showed more than 35% cells in the G2/M phase after radiation treatment (Fig. 1C) . We found that meningioma cells exhibited a high basal line of S phase, and this fraction decreased by more than two-fold in response to radiation (Figs. 1B-C). Furthermore, the sub-G0/G1 population, which is an indicator of cell death, among irradiated cells was insignificant when evaluated against the respective controls, thereby confirming that only cell cycle progression had been affected significantly.
G2/M phase arrest is mediated by Chk2, Cdc25C, cyclin B1 and Cdc2
Activation of checkpoints in response to DNA damage typically leads to cell cycle arrest to allow time to repair damage. Checkpoints are initiated to ensure orderly and timely completion of critical events such as DNA replication and chromosome segregation of the cell cycle. To examine whether the marked induction of G2/M arrest in meningioma cells by X-rays correlated with cell cycle regulators, we examined the accumulation of active proteins using western blotting ( Fig. 2A) . We did observe an accumulation of phosphorylated Chk2 (Thr 68), Cdc25C (Ser 216), and Cdc2 (Thr 14/Tyr15) at 24 hours post-irradiation treatment in all three cell lines ( Fig. 2A) . We also observed a significant rise in the levels of cyclin B1 at the same time point. Further, the total form of Chk2 increased noticeably whereas the level of total Cdc25C did not change over the same time period ( Fig.  2A) . We observed an irradiation-induced increase of p53 levels in IOMM Lee cells while p53 levels were not altered in the other two cell lines ( Fig. 2A) . Quantification of the western blots revealed a greater than two-fold increase in all the phosphorylated molecules and cyclin B as compared to the respective untreated cells, possibly regulating G2/M cell cycle arrest (Fig. 2B) . To find the time point specificity for the activation of these molecules, we assessed cyclin B1 and pCdc2 (Thr 14/Tyr 15) levels at 8-hr and 48-hr time points using western blotting. As expected, there was no significant difference among cyclin B1 and pCdc2 levels (Thr 14/Tyr 15) at both time points, which indicates that activation/ phosphorylation was maximal at 24 hrs after irradiation and declined thereafter (Fig. 2C) . These results also suggest the reversible nature of G2/M arrest induced by radiation treatment in meningioma cells.
Chk2 inhibitor induces apoptosis in irradiated cells
As radiation treatment changed the expression and activity of checkpoint proteins, we chose to evaluate their role in the G2/M cell cycle arrest. To discern the role of Chk2, we used a specific inhibitor of Chk2 kinase activity (NSC 109555 ditosylate) for our studies. Cell cycle analysis of IOMM Lee, CH 157 MN and SF3061 cells exhibited Chk2 inhibitor-associated G2/M arrest occurring at 24 hrs after initial exposure to radiation (not shown). Interestingly, the G2/M arrest was found to be delayed with a large proportion (more than 75%) of IOMM Lee cells remaining in the G2/M phase even at 48 hrs post-irradiation treatment (Figs. 3A-B) . In contrast, the inhibitor and radiation-treated CH 157 MN and SF3061 cells showed an observable peak in the sub-G0/G1 population along with a diminishing G2/M peak at the same time point (Fig. 3A) . The sub-G0/G1 population was significantly higher in the inhibitor pre-treated, irradiated cells as compared to cells treated with the inhibitor alone (Fig. 3B) . However, all of the cell lines showed a lack of proliferation at 48 hrs in comparison with the untreated controls (not shown), indicating that the radiation and inhibitor combination did cause proliferation arrest. Therefore, we next investigated apoptosis in the cells using the TUNEL assay. The results show a large proportion of apoptotic bodies often very small fragments in all three cell lines treated with radiation as well as the inhibitor (Fig. 3C ). More than 85% of the cells were found to be TUNELpositive in the combination treatment. Although there were a few apoptotic cells treated with the inhibitor alone, their proportion was insignificant when compared to the respective control groups (Fig. 3D ).
Chk2 is activated at a DNA double-strand break by a mechanism that requires phosphorylation on threonine 68 and localizes diffusely throughout the nucleus of irradiated cells [32] . Consequently, to further establish that Chk2 activation is required for G2/M arrest in meningioma cells, we carried out immunostaining for the localization of Chk2. We observed a diffuse pattern of Chk2 distribution throughout the control cells (Fig. 3E) . In contrast, we observed strong cytoplasmic staining for Chk2 with specific exclusion from the nuclear region in the majority of the inhibitor-treated cells with or without radiation (Fig.  3E) . However, in comparison to control and inhibitor-treated cells, a large portion of total Chk2 localized to the nuclear region in irradiated cells. These results demonstrate the necessity of Chk2 recruitment into the nucleus under irradiation-induced genotoxic stress. To further validate the influence of Chk2 on downstream effectors, we performed western blotting on inhibitor-treated cells. An apparent decrease in pChk2 (Thr 68) accompanied by reduced levels of pCdc25C was observed in the inhibitor-treated cells (Fig. 3F ). This decrease was found to be more than two-fold in all cell lines (Fig. 3G) . The expression levels of pCdc2 (Thr 14/Tyr 15) were decreased in IOMM Lee and CH 157 MN cells but remained unaffected in SF3061 cells (Fig. 3F) . The expression levels of cyclin B1 varied significantly among the three cell lines and even within in a particular cell line at the 24-hr post-irradiation time point (Fig 3F) . Collectively, these data demonstrate the participation of Chk2 phosphorylation and the subsequent recruitment of downstream molecules Cdc25C and Cdc2 in G2/M arrest. Also, the phosphorylation of Chk2 was essential for sustenance of transient arrest in G2/M, which was followed by recovery of irradiated meningioma cells. In contrast, treatment with the inhibitor created an irreversible arrest and drove the cells to apoptotic death.
p53 acts as downstream effector to Chk2 in IOMM Lee cells
Chk2 functions as a kinase on p53 and performs key roles in connecting p53 to the response to double-strand breaks [33] . Thus, we studied the role of p53 in irradiation-induced G2/M arrest using Nutlin, which is an inhibitor that inhibits p53-mdm2 binding, induces the expression of p53-regulated genes, and exhibits potent anti-proliferative activity in cells with functional p53 but not in p53-mutated or p 53-null cells. We detected a robust increase in sub-G0/G1 phase of IOMM Lee cells treated with the inhibitor and radiation as compared to irradiated controls (Fig. 4A) . Although our results demonstrated a decrease of S phase in IOMM Lee cells treated with the inhibitor alone, there was no apparent accompanied increase in cells in the sub-G0/G1 phase (Fig. 4A) . In contrast, CH 157 MN and SF3061 cells did not show any response after the combination treatment (Fig. 4A) . MTT results demonstrated a rapid decline in proliferation (>80%) of IOMM Lee cells treated with radiation and the inhibitor, thereby indicating that prolonged activation of the p53 pathway leads to apoptosis (Fig. 4B) . As anticipated, CH 157 MN and SF3061 cells treated with the combination of radiation and the inhibitor did not show any significant change in cell proliferation when compared to respective controls (Fig. 4B) . We next subjected cell lysates to western blotting for analysis of pChk2, cyclin B1 and pCdc2. The activation of Chk2 was not affected in any of the three cell lines (Fig. 4C) . However, the expression levels of cyclin B1 and activation of pCdc2 were significantly decreased in IOMM Lee cells (Figs. 4C-D) , which indicates the downstream activity of p53 to Chk2. In accord with the results of the MTT assay, cyclin B1 and pCdc2 levels were not affected in CH 157 MN and SF3061 cells treated with the inhibitor and radiation (Fig. 4C) , which reveals the non-functional or defective nature of p53 in these cell lines.
Cyclin B1 and Cdc2 complex maintains G2/M arrest
A complex between cyclin-dependent kinase 1 (Cdc2) and cyclin B1 is important for a cell to enter into mitosis in most organisms [34] . To verify the role of the Cdc2-cyclin B1 complex in Chk2-mediated G2/M arrest, we examined whether cyclin B1-associated Cdc2 overrides or causes cell cycle arrest at the G2 checkpoint using the inhibitor Aloisine, which acts as a potent, selective, ATP-competitive inhibitor of Cdk1/cyclin B interaction. Cell cycle analysis of inhibitor-treated cells showed a significant cell cycle arrest in the G2/M phase with or without radiation in IOMM Lee and CH 157 MN cells (Fig. 5A) . The inhibitor treatment alone did not induce any significant G2/M arrest in SF3061 cells, but the combination treatment of inhibitor and radiation did result in a marked increase (Fig. 5A) . The fraction of cells in G2/M arrest after combination treatment appeared to increase in all three cell lines (Fig. 5A) . Further analysis of cell proliferation by MTT assay revealed that nearly all of the cells (>95%) treated with the combination perished by 72 hrs postirradiation (Fig. 5B) . In contrast, cells treated with the inhibitor alone showed signs of recovery in proliferation rates despite their arrest in the G2/M phase (Fig. 5B) . Western blot analysis for pChk2, cyclin B1 and pCdc2 showed that the expression or phosphorylation of these proteins was not affected by the inhibitor treatment in any of the three cell lines (Fig.  5C ). These data demonstrate that cyclin B1 and Cdc2 interact during irradiation-induced DNA damage and maintain the transitions between mitosis and the G2/M phase for survival in meningioma cells while treatment with the inhibitor potentiated a permanent arrest in the G2/M phase and led to cell death.
Meningioma cells recover from G2/M arrest
To determine whether the cell cycle arrest induced by radiation is reversible, cells were exposed to radiation, allowed to recover for 72 hrs, and then either processed for analysis of cell cycle distribution or western blotting. Results of DNA cell cycle analysis on IOMM Lee and CH 157 MN cells harvested at the 72-hr time point showed that irradiated cells follow the same pattern of cell distribution in the G0/G1, S and G2/M phases as seen in the respective controls (Fig. 6A) . A significant decline (less than 30 percent) in G2/M cells was noted at the 72-hr time point as compared to more than 60 percent of cells in the G2/M phase at 24 hrs post-irradiation, suggesting a withdrawal of G2 delay and subsequent entry into normal cell cycle (Figs. 6A-B) . The results of cell cycle analysis were not clear with SF3061 cells as there were multiple additional peaks seen with the irradiated cells (not shown). Nevertheless, the levels of pChk2, cyclin B1 and pCdc2 reached normalcy and were equivalent to the respective controls in all three cell lines (Fig. 6C) .
Knockdown of uPAR induces sustained G2/M cell cycle arrest followed by cell death
uPAR is an important signaling orchestrator and known to have an important role in cancer cell survival and invasiveness while its knockdown was shown to be lethal for different cancer cells. It is because of that we knocked down the uPAR from IOMM Lee and CH157 MN cells and analyzed for cell cycle progression. Silencing of uPAR expression has shown the accumulation of cells in G2/M phase in presence or absence of radiation treatment with significant portion (>12%) of cells falling into Sub G0/G1 population compared to their normal and irradiated controls (Fig 6D) . Cyclin B1 and pCdc2 levels were found to be significantly high in both the cell lines transfected with uPAR siRNA expressing plasmids (Fig. 6E) . Further, proliferating cell nuclear antigen (PCNA) levels were very low in uPAR knock down cells indicating the onset of cell death (Fig. 6E) . MTT assays for 72h on uPAR knockdown cells showed a marked decrease in the cell proliferation (Fig. 6F ) in both the cell lines indicating that uPAR knock down induces permanent arrest of cells in G2/M phase either alone or in combination with radiation treatment, as a result of which cell proliferation is ceased.
Recovered cells form aggressive tumors in vivo while uPAR knockdown induced Sustained expression of Cyclin B1
Furthermore, the in vitro signs of recovery and proliferation prompted us to confirm the tumor-forming capability of the irradiated cells in vivo. Our studies with irradiated cells were conducted with two different lines. The irradiated cells, which were allowed to recover for 72 hrs and then implanted intracranially, formed highly aggressive tumors. These tumors were found to be metastatic with several secondary centers along the spinal cord, while the tumors formed by untreated IOMM Lee and CH 157 MN cells were localized to the brain and did not show any morphological features in the animals at 14 days post-implantation (Figs. 7A-B) . The aggressive tumor growth in animals implanted with irradiated and recovered IOMM Lee and CH 157 MN cells was accompanied by gross morphological changes in animal size and behavioral response with greater than 40 percent loss in body weight and difficulty in feed uptake (upper panel of Figs. 7A-B) . Interestingly, animals infused with irradiated cells that were not allowed to recover before implantation did not show any signs of tumor formation even after 14 days. Also, there were no changes in the morphological characteristics of these animals as compared to the controls (upper panel of Figs. 7A-B) . These in vivo results and our previous studies (Gogineni et al., 2009) on preestablished intracranial tumors suggest that radiation resistance is an inherent characteristic of meningioma cells.
The results of in vitro uPAR knock down also led us to study its effect in vivo. The animals implanted with IOMM Lee cells have shown tumor formation. However, tumors in animals treated with irradiated cells were dispersed with several foci in the brain sections (Fig 7C) . Nevertheless, uPAR knock down cells show significantly small or no tumor formation either in radiation combination or alone (Fig 7C) . Immunostaining for Cyclin B1 revealed strong reactivity in brain sections of the animals implanted with uPAR knocked down cells ( Fig  7D) . On the other hand the reactivity was no different between control and irradiated groups indicating low levels of Cyclin B1 (Fig 7D) . Further, RT-PCR analyses with human specific Cyclin B1 primers indicate a marked increase in the mRNA levels in animals implanted with uPAR knocked down IOMM Lee cells (Fig 7E) . As anticipated the cyclin B1 levels in irradiated and recovered cells were found to be equal to that of the respective control. These results demonstrate the prolonged arrest of ShuPAR treated cells in G2/M phase and culminating in cell death.
Discussion
Radiation treatment has been unsuccessful when radiation was not properly fractionated, when less than the total dosage was given, or when radiation was used preoperatively [35] . In addition, effects on bystander cells, radioresistance and radiation-induced development of neoplasia contribute significantly to treatment failure [36;37] . To improve radiotherapy for malignant tumors, it is important to understand the biological reaction of the cells to radiation. Cells exposed to radiation showed a temporary, reversible cell cycle arrest and then continued to proliferate at a slower rate. The initial lag in cell proliferation after radiation treatment has been reported to be the result of the activation of the repair pathways [38] . However, cells that were unable to complete the division successfully appeared to be eliminated through various mechanisms including apoptosis. Checkpoints in the cell cycle regulate the progression or arrest of the cell cycle in response to DNA damage and allow time for DNA repair. These occur either in late G1, which prevents entry to the S phase, or in late G2, which prevents entry to mitosis [39] . Our cell cycle analyses showed a clear arrest of cells in the G2/M phase, which indicates entry into mitosis had been delayed. Thus, given that the G2/M checkpoint serves as a mandatory requirement for survival of meningioma cells, this delay in cell division, in combination with more efficient DNA damage repair, is necessary for maintenance of genome integrity in these cells. Both the extent and the length of this G2/M delay were reported be highly variable based on the cell line, radiation dose and the dose rate [40] .
Existing studies suggest a strong correlation between the nature of G2 delay and early cell proliferation. Activated cell membrane receptors phosphorylate numerous substrates at the sites of DNA double-strand breaks and subsequently activate downstream signal transducers [41] . Numerous lines of validation establish a strong link between ionizing radiation exposure, Chk2 phosphorylation (Thr 68), and subsequent G2/M cell cycle arrest [42] . The mammalian checkpoint effectors that are established as substrates of Chk2 in vivo include members of the Cdc25 family, p53 and BRCA1 [43] . Chk2 phosphorylation both inhibits phosphatase activity of Cdc25C and contributes to its cytoplasmic sequestration by an interaction with 14-3-3 proteins [43;44] . Activated Chk2 modulates the activity of Cdc25C via phosphorylation on an inhibitory site (Ser 216), which either enables DNA repair or directs the cell to the apoptotic pathway depending on the extent of perceived genotoxic insult. In the present study, the protein kinase Chk2 was phosphorylated transiently in response to ionizing radiation treatment in meningioma cells, which was also followed by phosphorylation of Cdc25C on Ser 216. Chk2 inhibitor treatment yielded interesting results, and as anticipated, treatment with the inhibitor induced apoptosis in irradiated cells. However, the fraction of cells that remained in the G2/M phase was greater in the inhibitortreated cells. These findings support the hypothesis that Chk2 is required for maintenance, but not initiation, of G2 arrest induced by DNA damage. Chk2 was shown to synergize with other genes or factors that perpetuate DNA damage repair during the G2/M phase rather than inducing G2/M arrest [33] . A common theme in checkpoint signaling has been that ATM, which is preferentially activated in response to ionizing radiation, often phosphorylates several proteins in the same complex. This trend of cooperative phosphorylation apparently recruits several effectors in achieving G2/M arrest while Chk2 play a key role in maintaining the G2/M phase. The inconsistent pattern of cyclin B1 expression in inhibitor-treated cells might well be a result of the loss of control over the cell cycle. Our immunocytochemistry studies on inhibitor-treated cells demonstrated a clear nuclear exclusion of Chk2, which points to the necessity of Chk2 in double-strand break regions. Checkpoint proteins, including Chk2, often localize to distinct subnuclear bodies or foci, and in fact, ionizing radiation has been shown to trigger accumulation of Chk2 at the sites of DNA strand breaks [43;45] .
Phosphorylation of p53 on Ser20 by Chk2 stabilizes the p53 protein [46] , which improves its potential to positively regulate the expression of factors involved in DNA repair, cell death and cell cycle control [47] . The importance of Chk2 and p53 in maintaining genome integrity is highlighted by the fact that mutations in Chk2 and p53 are associated with human disease [47] . In the present study, radiation-induced expression of p53 was prominent in IOMM Lee cells, and the inhibitor treatment stimulated apoptosis in irradiated cells. SF3061 is a known p53-mutated cell line, and since CH 157 MN cells also did not respond to the combination treatment, we presume that the mutated status of p53 in this cell line could possibly explain the difference in the response of these cells to radiation treatment. While it is widely reported that p53 is not necessary for G2/M phase arrest, substantial data do indicate p53 itself can modulate G2/M phase delay in a Chk2-dependent manner [33] . Apart from the involvement of Chk2/p53 in maintaining the G2 blockade seems, at least partly, attributable to other redundant mechanisms because either cells, which have mutated p53 or which are p53 null, still undergo a G2/M phase block after irradiation [48] .
The decision of cells to either remain in the G2/M phase or go through G2 into mitosis requires the activation of Cdc2 [49] whose activity is regulated by synthesis of cyclin B1 and subsequent complex formation. This complex formation is triggered by a 10-fold increase in cyclin B1 levels in the G2 phase. Cyclin B1 levels fluctuate through the cell cycle and cells with a prolonged G2 phase have reduced cyclin B1 levels when compared to the normal levels [50] . While the presence of cyclin B1 is required for entry into mitosis, its destruction is required for exit from mitosis. Although the rise and fall of cyclin levels are the primary determinant of Cdk activity during the cell cycle, several additional mechanisms are important. Many studies have suggested that inhibition of Cdc2 activity is due to increased inhibitory phosphorylation of Cdc2 [51] . In the present study, radiation treatment seemed to induce cyclin B1 expression along with a simultaneous increase in the inhibitory phosphorylation of Cdc2 on Thr 14/Tyr 15. Activation of cyclin B1 and Cdc phosphorylation are opposites in function. However, the increase in cyclin B1 expression, Cdc2 inhibitory phosphorylation and Aloisine treatment induced irreversible G2/M arrest, plausibly characterizing a dynamic equilibrium that is required between cyclin B1 and Cdc2 to maintain the balance between G2/M phase and mitosis while leaving enough time for the restoration of genome integrity. Perhaps the principal biological task of the DNA damage checkpoint is to allow sufficient time for the damage to be repaired so that checkpoint-arrested cells can ultimately resume cell cycle progression and continue their physiological program. The initial arrest of meningioma cells in the G2/M phase was coupled to the activation of various mediators at 24 hours post-irradiation. Recruitment of the effectors at particular time points also appeared to be very important as the activation or expression of these molecules was not observed at earlier (8 hrs) or later (72 hrs) time points. The reversal of cells to normal cell cycle phases 72 hours after radiation treatment suggests that the G2/M phase in these cells is a temporary transition, which allowed for sufficient recovery and brought the effectors to basal levels upon checkpoint termination. These results suggest that G2/M arrest is an important determinant in the cytostatic action of ionizing radiation and that repair of DNA doublestrand breaks is sufficient to ensure cell survival as reported in Cervical carcinoma [16] and Glioma cells [15] . Apart from checkpoint activation, radiation stimulates signaling cascades through other receptors that support enhanced repair and cell proliferation. uPAR is primarily a receptor for urokinase plasminogen activator. However, its participation in multiple ligand interactions, role as ligand, as chemotactic factor and as prognostic marker in variety of disease conditions including cancer makes it as an attractive therapeutic target [52] . Earlier studies on uPAR knock down by our group delineated its potential as a therapeutic target in brain cancers [27;53] . It is with this back ground we analyzed for the cycle progression in uPAR transfected meningioma cells in combination with radiation. Either radiation treatment or uPAR silencing result in cellular G2/M arrest associated with inhibition of Cdc2 activity. Nevertheless, Inhibitory phosphorylation and Cyclin B1 accumulation was transient in radiation treatment yet these are sustained events in uPAR knockdown leading to meningioma cell death. Additionally, our in vitro experiments show that the combination treatment has an advantage over either treatment alone. With these results, our study points to the importance of combination treatment strategies for cancer treatment in order to attain better therapeutic outcome even in the radiation resistant cells. The in vivo behavior of the cells was consistent with our earlier studies in which we reported the aggressive characteristics of growth accompanied by expression of invasive molecules [28;54] . The non-recovered irradiated cells could not form tumors while the recovered cells formed aggressive tumors with metastatic capability, which once again imply the transient nature of cell cycle arrest. Furthermore, brain sections of animals implanted with uPAR knockdown cells showed high degree of cyclin B1 expression with relatively small or no tumor formation suggesting the permanent arrest in G2/M phase and subsequent cell death. On the other hand it is evident that cyclin B1 levels in tumors formed by irradiated and recovered cells are low suggesting the transient nature of the arrest while the invasive tumors were seen in brain sections.
In conclusion, our results indicate that the radioresistance of meningioma cells is closely correlated with the induction of G2/M arrest, which may be regulated by Chk2, cyclin B1 and Cdc2. uPAR knock down sensitizes or complement the radiation treatment so that effective therapy of the tumors can be achieved. The clinical effectiveness of therapies for patients with malignant meningioma could be enhanced by the development of agents that target the G2/M arrest as characterized by the present study. 5 ) were implanted into nude mice (4 to 6 weeks old). The first group was treated with irradiated (7 Gy) cells. The second group was infused with irradiated (7 Gy) cells that were allowed to recover. The third group was infused with non-irradiated cells. Tumor progression and morphological and behavioral patterns were followed daily for two weeks with an in vivo imaging system. 
